The chemically ordered B2 phase of equiatomic FeRh is known to absorb or evolve a significant latent heat as it traverses its first-order phase transition in response to thermal, magnetic, and mechanical drivers. This attribute makes FeRh an ideal magnetocaloric material testbed for investigation of relationships between the crystalline lattice and the magnetic spins, which are especially experimentally accessible in thin films. In this work, epitaxial FeRh films of nominal 30 nm and 50 nm thicknesses with out-of-plane c-axis orientation were sputterdeposited at high temperature onto (0 0 1)-MgO or (0 0 0 1)-Al 2 O 3 substrates and capped with Al, Au, Cr, or W after in situ annealing at 973 K to promote CsCl-type chemical order. In this manner a controlled strain state was invoked. Experimental results derived from laboratory and synchrotron x-ray diffraction combined with magnetometry indicate that the antiferromagnetic (AF)-ferromagnetic (FM) magnetostructural phase transformation in these films may be tuned over an ~50° range (373 K-425 K) through variation in the c/a ratio derived from lattice strain delivered by the substrate and the capping layers. These results supply fundamental information that might be used to engineer the magnetocaloric working material in new system designs by introducing targeted values of passive strain to the system.
Introduction and background
Elucidation of materials pathways that allow inter-conversion of thermal energy with other forms of energy is of both fundamental scientific and applied technological importance. In particular, materials that undergo thermodynamically firstorder magnetic phase changes couple magnetic and thermal energies, providing functionality via the giant magnetocaloric effect (MCE) for solid-state magnetic refrigeration and vibrational and thermal energy harvesting, among other emerging applications [1] . The functional response of such materials originates in very strong orbital-lattice coupling that donates large, coincident changes in magnetic (ΔS magnetic ) and lattice (ΔS lattice ) entropies that may be transformed into absorption or evolution of thermal energy, creating a MCE [2, 3] . The intrinsically strong crystallographic-magnetic lattice interaction in magnetostructural materials implies that first-order magnetic phase transitions, and their associated functional responses, may be driven via a plurality of intensive thermodynamic variables such as magnetic field µ 0 H, pressure P, strain σ, and temperature T, or combinations thereof, creating a rich multi-dimensional phase space for optimization of the magnetocaloric response. Here we report the structural and thermomagnetic character of epitaxial FeRh films capped with proximal layers that donate a compressive or tensile strain to the lattice. Depending on the nature of the strain, it is found that the magnetostructural transition temperature of FeRh may be tuned over an approximate 50° range (373 K-425 K). These results provide fundamental knowledge concerning strain-tuning of magnetocaloric materials to aid in the design of next-generation thermal management technologies, including magnetic refrigeration [4] .
Ideally, materials for energy-relevant magnetocaloric applications should exhibit an abrupt first-order magnetic phase transition with a tunable, near-room-temperature transition temperature. Magnetic refrigerators that utilize active magnetic regeneration (AMR) technology typically require a multi-layered architecture of working materials, each with a disparate but relatively close magnetic transition temperature, to realize a large working temperature span. Further, magnetocaloric materials should have a moderate heat capacity fostering a large temperature exchange with the working medium, and they should exhibit minimal volumetric and thermomagnetic hysteresis enabling their mechanical integrity over thousands of thermal cycles. Finally, these materials should not be reactive with the working medium and should be comprised of earth-abundant, accessible and economical elements. Among the small family of materials with room-temperature magnetostructural transitions, the chemically ordered FeRh compound with the CsCl-type structure (B2 Strukturbericht designation) provides an exceptional magnetocaloric response that has the potential to satisfy all of the above criteria, save for the last one [5] . However, it may be noted that magnetic hysteresis can be a feature of many magnetocaloric materials, but can be managed through careful engineering of the barriers to equilibrium phase nucleation.
The FeRh B2-type compound, depicted in figure 1, transforms from a G-type antiferromagnetic (AF) state to a ferromagnetic (FM) state on heating through the critical transition temperature T t ≈ 380 K [6] and is accompanied by an isotropic 1% volume expansion [7, 8] in bulk samples. Associated with this first-order phase transition is a decrease in resistivity by typically a factor of 2 [1] , a significant drop in the ordinary Hall coefficient [9] , and a large entropy release [5, 10] . This large entropy release is transformed into a giant adiabatic temper ature change of ΔT ad = 12.9 K under an applied field of 2 T [5, 10] granting FeRh the record adiabatic temperature change per Tesla for any room temperature magnetocaloric material. This attribute has attracted significant interest for the application of FeRh in niche or micromagnetocaloric systems.
FeRh was first reported in 1938 by Fallot [11, 12] ; since the original work of Fallot, several reports have shown that bulk FeRh undergoes a first-order magnetic transition from AF to FM order with increasing temperature at T t ~350 K [6, 7, [13] [14] [15] . As the temperature is further increased to a temperature above the Curie temperature the FeRh system then undergoes the usual second-order, FM-paramagnetic (PM) transition [8, 16] at T C ~ 670 K. The AF-FM transformation in bulk FeRh is typically accompanied by a thermal hysteresis of approximately 10 K [8, [17] [18] [19] . Neutron diffraction studies of the magnetic moments associated with the Fe and Rh atoms have shown that FeRh in the FM state has a magnetic moment of 3.04 µ B per Fe atom and ~1 µ B per Rh atom [19, 20] . At room temperature-in the AF state-bulk FeRh has zero net magnetic moment; the magnetic moments associated with the Fe atoms are antiferromagnetically ordered with magnetic moments of 3.3 µ B per Fe atom while there is a magnetic moment of zero µ B per Rh atom [1, [19] [20] [21] [22] [23] [24] [25] .
It has been documented in FeRh systems (both bulk and thin film forms) that the magnetostructural transition is very sensitive to synthesis conditions [26] [27] [28] , detailed composition [16, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , magnitude of the applied magnetic field [16, 43] and to pressure (strain) conditions [10, 33, 41, [44] [45] [46] [47] [48] . While the effect of pressure on the onset of T t in bulk FeRh systems has been well documented [33] , strain effects in thin films due to epitaxial film/substrate clamping have not been as widely studied [43, 49, 50] . Clamping of the FeRh film is anticipated to result in a structural transformation which is constrained in the in-plane (lateral) direction, relative to the isotropic expansion of bulk FeRh [27, 39, 51] . Further, thin film forms of FeRh often exhibit a broad thermomagnetic transition over many tens of degrees and a remanent FM phase, manifest as a positive remanence, retained in the bulk AF-regime. The exact origin of this remanent FM phase is currently unknown; however, many authors have attributed the retained FM layer to compositional fluctuations or strain at the film interfaces [49, 52, 55, 56] . A reported 'colossal' asymmetric magnetothermal hysteresis in mesoscale (sub-micron) patterned FeRh films has been attributed by Uhlír et al [53] to a large intrinsic difference in the exchange length characterizing the FM and AF phases. Recently, x-ray photoemission electron microscopy (XPEEM) imaging of the FeRh first-order phase transformation clearly exhibits FM phase nucleation and growth in the FeRh thin film system [52, 54] . Further, these studies indicate that the nucleation of the FM phase upon heating through the AF-FM first-order phase transformation occurs at many nucleation sites with random magnetic domain orientation. These XPEEM studies indicate that in the nominal AF regime there is some remnant FM phase retained near the interfaces. This conclusion is in agreement with results obtained from earlier studies of data derived from x-ray magnetic circular dichroism (XMCD) [55] and polarized neutron reflectivity (PNR) [56] experiments, where the remanent FM layer is attributed to strain at the substrate-film interface.
The magnetostructural transformation temperature in bulk FeRh has been shown to increase with increasing compressive strain [33, 41, 45, 46] and decrease with tensile strain [10] . Strain effects in FeRh films have been previously studied by measuring the magnetic and structural properties before and after delamination from the substrate [44] . In that study, the magnetostructural transition temperature of the delaminated FeRh films approached bulk-like values, confirming that strain can indeed modify the magnetostructural character. Other studies have connected the observed T t shift in films with a distortion of the FeRh film crystal lattice: it is hypothesized in the literature that an increase in the in-plane lattice constants, induced by tensile strain exerted on the FeRh film layer, stabilizes the FM phase leading to a lower T t [57] , while a lattice expansion of epitaxially clamped FeRh is hindered in the lateral direction due to a constrained lattice, relative to the out-of-plane direction [31, 41, 51, 58] . To date, no direct measurements of the evolution of the lattice parameter of bulk FeRh to changes in pressure have been reported.
Experimental rationale and design
This work seeks to probe and better understand the effects of strain on the magnetostructural transition of FeRh, which serves as a proxy for other potential room-temperature MCE materials. Analyses of earlier work concerning correlations between strain/pressure and magnetism in bulk FeRh, summarized in the previous section, have inspired this current work. In contrast to bulk forms, thin film forms of FeRh are amenable to passive and convenient strain variation through appropriate matching of substrate and/or capping layer materials. FeRh in thin film form is reported to display magnetic and structural features which are consistent with those of bulk FeRh (i.e. the AF-FM transformation with an accompanying lattice expansion upon heating). However, anisotropic strain which results from epitaxial film/substrate clamping can lead to the emergence of variations in the transformation character of FeRh thin films, relative to that manifest in bulk FeRh [55, 56, 58, 59] . In particular, FeRh film/substrate clamping may result in a deformation which is constrained in the in-plane (lateral) direction, relative to the isotropic expansion of bulk FeRh, and thus lowers the crystallographic symmetry from the original cubic designation [39, 49, 51] . The convention adopted here is the lattice a-parameter refers to the in-plane lattice parameter of the films, while the lattice c-parameter refers to the out-of-plane film parameter.
It is clear that the magnetostructural attributes of a FeRh may be dramatically affected by strain delivered to the lattice. This strategy opens another route, besides doping [42] , for adjusting the transition temperature of magnetocaloric materials. In this work, the FeRh lattice is synthesized in thin film form and is strained by the substrate and a proximal capping layer. The lattice parameters and magnetostructural phase transition temperatures of well-ordered FeRh epilayer thin films deposited on MgO and Al 2 O 3 substrates, capped with metallic layers of Al, Au, Cr, and W, were investigated. The capping layers were specifically selected to deliver either compressive or tensile stress to the FeRh lattice. While Al and Au are common capping materials for thin film systems, Cr and W were specifically chosen on the basis that they both crystallize in the body-centered-cubic (bcc) structure, the simple lattice on which the B2-structure of FeRh is based. In bulk form the lattice constant for Cr is 0.291 nm, while that for W is 0.316 nm [60], compared to the reference lattice parameter of 0.2988 nm for FeRh in the AF state (0.2997 nm in the FM state [8] ). The resulting epitaxial lattice mismatch was hypothesized to give rise to compressive and tensile strains at the FeRh interface for Cr and W, respectively. As the FeRh lattice experiences a lattice expansion from the AF to the FM state with increasing temperature, tensile strain is anticipated to promote the onset of the higher-volume FM state, thereby facilitating the transition, and compressive strain is anticipated to impede the transition upon heating. The magnetic properties of the chosen capping layers are similarly disparate: W is a paramagnet that delivers a tensile strain by virtue of its large Young's Modulus of 411 GPa relative to that of FeRh in the AF state of E = 170 GPa [61, 62] . On the other hand, Cr, with a Young's Modulus of 279 GPa, is a complex antiferromagnet with a bulk Néel temperature of 312 K and exhibits an onset of antiferromagnetism at thickness of 4.2 nm in thin film form [63, 64] . It is the only bcc transition metal with a lattice constant smaller than FeRh, and thus it was our only choice as a metal to apply compressive strain. While the FeRh magnetostructural transition might be influenced by the magnetic character of Cr, the main effect of the Cr layer is considered to be mechanical.
The strain delivered epitaxially by a given capping layer to the FeRh film may be quantified by the lattice strain f m due to lattice mismatch as:
where a is the experimentally determined (in-plane or lateral) film lattice parameter and a 0 is the unstrained analogous lattice parameter value of the capping layer. Strained films have lattice parameters that can be larger or smaller than bulk values; a positive value of f m indicates tensile strain while a negative value of f m indicates compressive strain, relative to the bulk lattice. The magnitude of strain-related effects is anticipated to be larger in FeRh film systems that are strained throughout the entire film thickness by the substrate and capping layer. While the film may be strained elastically at the epitaxial capping layer/film interface to adopt an interatomic spacing close to that of these proximal components, at a critical thickness the strain is relieved by the introduction of dislocations into the film. At distances within the film greater than d c this strain is largely eliminated. The critical thickness d c may be estimated as
where a is the experimentally determined lattice parameter and f m is the lattice mismatch strain as defined earlier [65] . This criterion allows an estimate of the effectiveness of the strain in changing the lattice attributes.
Experimental details
Single-crystal FeRh thin films were deposited and capped with a variety of elemental metallic layers and were subjected to structural and magnetic probes to assess their magnetostructural attributes. Thin films of the B2-ordered FeRh compound were synthesized using dc magnetron sputtering from a target of composition Fe 47 Rh 53 onto single-crystal MgO (0 0 1) or (0 0 0 1)-type Al 2 O 3 substrates. Nominal film thicknesses were 50 nm or 30 nm, and the film systems are denoted in this work as (cap)/ FeRh/(substrate). The film substrates were rinsed with isopropanol, mounted in the sputter chamber, and annealed at 973 K for 12 h at a pressure of 10 −6 Torr. After annealing, the bare substrates were cooled to 873 K and liquid nitrogen was introduced into the cold trap of the sputter chamber to improve the vacuum to 10 −7 Torr. Prior to deposition, the FeRh targets were pre-sputtered so that a steady state composition for deposition was achieved and the deposited film composition roughly matched the target compositions. The film growth was performed at a substrate temperature of 870 K using an Ar/4% H 2 sputter gas at a pressure of 4 × 10 −3 Torr and a DC power of 6 W, which yields a slow growth rate of 0.04 nm/s, as calibrated by ex situ x-ray reflectivity (XRR) measurements (data not provided). After deposition of the desired film thickness of 50 or 30 nm, the sample temperature was increased to 973 K and the films were annealed for 1 h to promote CsCltype chemical-ordering. The samples were then cooled in situ in order to minimize any interdiffusion of subsequently deposited caps with the FeRh layer. The epitaxial strain layers of Cr (nominally 5 nm) or W (nominally 8 nm) were covered by a nominally 2 nm thick Al capping layer, deposited at T = 370 K. After a successful deposition, the films typically had a shiny surface indicating achievement of a metallic character. Utilization of the two different substrate types allowed variation of the crystallographic orientation and distortion of the deposited film. The FeRh unit cell was found to be oriented such that lattice planes of FeRh are aligned in the [0 0 1] and [1 1 1] directions on MgO and Al 2 O 3 , respectively. Specifically, the FeRh/MgO films were tetragonally distorted while the FeRh/Al 2 O 3 films were trigonally distorted from the prototypical cubic FeRh unit cell. In this work the unstrained lattice parameter of FeRh, in the AF bulk cubic structure is taken as a 0 = 0.2988 nm Å [8] .
The film layer thickness, interfacial roughness and crystal structure were confirmed by the x-ray scattering techniques of XRR and x-ray diffraction (XRD). Specular XRR measurements were performed and fitted using the open source GenX software [66] . In accordance with the GenX user manual, the error bars for the XRR data are estimated as a 5% increase of the optimal figure of merit; the error values provided in the next section were taken directly from the output of the fits achieved with the GenX program.
Employing the above-described procedure, the thicknesses and interfacial roughnesses of the FeRh and the capping film layers were determined by fitting the XRR data with the simplest model to provide a good fit to the experimental data, with resultant low and very favorable figures of merit. Roomtemperature crystal structure data used to confirm attainment of the desired phase were provided by laboratory-based XRD to determine the FeRh lattice parameters and degree of strain. Additionally, the chemical order parameter S that quantifies the degree of perfection of the atomic arrangement on the B2 lattice sites was evaluated in the manner of our earlier work [9] . The in-plane (a) and out-of-plane (c) lattice parameters were determined on the Al-capped films, while only out-ofplane lattice parameters were studied on films capped with Cr, W or Au. In this work either a PANanalytical X'Pert PRO MPD Theta-2Theta System or a Bruker Model D8 Discover diffractometer (both utilizing Cu-K α radiation with a wavelength λ = 0.1541 nm) was utilized for laboratory-based structural characterization. These diffractometers employ a Bragg-Brentano configuration that probes crystallographic planes orthogonal to the x-ray scattering vector; thus, out-ofplane lattice parameters could be obtained from appropriately scattering planes in the single-crystal epifilms. In-plane diffraction data were obtained on the Al-capped films by physically rotating the film sample or by introducing an offset to the theta arm of the goniometer. Values for the in-plane lattice parameters of the Cr-, W-and Au-capped films were calculated from the out-of-plane lattice parameter values, assuming a conserved FeRh unit cell volume of V = 0.0266 nm 3 . This assumption is validated upon calculation of the FeRh unit cell volume using values reported in the literature from a selection of sources [43, 49, 50, 56, 67] , with results provided in the supplementary material section (stacks.iop.org/ JPhysD/51/024003/mmedia). To study the FeRh films as they traversed the magnetostructural transition, in situ temperature-dependent XRD studies were carried out at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory, Upton, New York, using the facility at Beamline X22C equipped with a Franke and Heydrich 6-circle diffractometer. Incident x-ray photon energies of 10 keV or 11 keV (λ = 0.1238 nm or 0.1127 nm) were employed to examine the films upon heating and cooling through the magnetostructural transformation temperature. Diffraction studies were carried out as a function of temperature while traversing through the magnetostructural transition in the range of 300 K ⩽ T ⩽ 424 K with 10 K steps. The drift in temperature during data collection was ± 0.2 K. To ensure that no changes had occurred in the FeRh lattice during the thermal cycling, (0 0 L) XRD data were collected and compared before and after heating through the transition. The resultant Bragg peaks were indexed to a body-centered tetragonal (BCT) unit cell on the basis of the assumption that epitaxial clamping of the film layer may result in a lattice dist ortion at the film interfaces. The Bragg peaks were fitted with a double pseudo-Voigt fitting function, and were compared to the reported bulk FeRh cubic lattice parameter of 0.2988 nm in the AF phase to obtain an estimate of film strain [8, 43] .
The magnetic properties of the films were assessed as they traversed the magnetostructural transition with data derived from superconducting quantum interference device (SQUID) magnetometry in applied fields up to 5 T, in the temper ature range 250 K ⩽ T ⩽ 600 K. To collect the magnetic data for T ⩽ 400 K (as was required for the Cr/FeRh/MgO and W/ FeRh/MgO films), a high temperature furnace attachment was installed into the SQUID magnetometer. For these measurements samples were vacuum-sealed in vitreous silica tubes at a pressure of ~10 −6 Torr to prevent oxidation. A sweep rate of 2 K min −1 was employed during measurements. The magnetostructural transition temperature T t was determined as the average value of the temperature at which a maximum is obtained in the derivative of magnetization versus temperature M(T) data with respect to T as obtained upon heating and cooling, while the width of the thermal hysteresis, ΔT t , is quantified as the difference between the maxima of the derivatives of the heating and cooling M(T) curves. More precise estimates of T t and ΔT t are obtained from Gaussian curve fits to the ∂(M(T)) ∂T curves; these definitions are illustrated in figure 2 for enhanced clarity. The transition temperatures were corrected for the shift due to the magnitude of the applied field as −0.8 K/kOe [43] . The transition temperatures and transition widths determined in this manner have estimated errors on the order of 1%. All of the magnetic data were collected with the magnetic field applied parallel to the film plane; no demagnetization corrections were applied.
Results and discussion
Data derived from structural and magnetic probes of films of FeRh capped with thin layers of Al, Au, Cr, and W provide a picture of the relationship between the magnetostructural transition temperature and the degree of the film lattice dist ortion. As denoted above, the convention applied to describing the capped FeRh films is X/FeRh/Y where X corresponds to the capping layer material and Y corresponds to the substrate material.
Attainment of smooth and well-correlated film interfaces was confirmed though analysis of the XRR data that present pronounced Kiessig fringes, which arise from the interference of x-ray beams that reflect from the various interfaces in the layer stack; typical results are shown in figures 3(a) and (b), with best-fit parameters for the multilayer structures shown in table 1. The fact that a portion of the capping layer will have oxidized and self-passivated once the sample is exposed to air is accounted for in the model. The depth profiles resulting from these fits indicate that film interfaces are sharp, with roughnesses typically smaller than 0.4 nm at the substrate interface and of the order of 0.5 nm at the capping interface; these roughness values in fact contain contributions from actual topographical roughness and from interdiffusion between the layers.
As very little interdiffusion of the FeRh film with the oxide substrates is expected, the substrate roughness values give a good estimate of the true topographical roughness. Sputtering methods produce very conformal layers, and this roughness is likely to be reproduced at the capping layer; thus the degree of interdiffusion at the film/cap interfaces is expected to be limited to only 0.1-0.2 nm.
Structural results
The FeRh films were confirmed to be single crystal epilayers that were slightly distorted from the prototypical cubic CsCl unit cell, thereby providing c/a parameters that differ from unity. The films were found to have no additional phases present other than FeRh in the XRD patterns, and the presence of the (0 0 1) superstructure peak indicates achievement of B2-type chemical order. The FeRh films deposited onto the (0 0 1)-oriented MgO substrate have a film-substrate orientation relationship of (0 0 1)-FeRh on (0 0 1)-MgO while the FeRh film deposited onto (0 0 0 1)-Al 2 O 3 substrate has an orientation relationship of (1 1 1)-FeRh on (0 0 0 1)-Al 2 O 3 . The chemicalorder parameters (S) are determined to be in the range S ~ 0.85-0.89 for films deposited on MgO substrates, confirming a high degree of chemical order. While it was not possible to obtain the order parameter for the film deposited on the Al 2 O 3 substrate due to equipment limitations, it is presumed that it also possess a high degree of chemical order. Structural results for all of the films are summarized in table 1. It is interesting to note that the lattice parameters of the Cr and W capping layers, as calculated from the (0 0 2) Bragg peak positions, are significantly distorted from their bulk values. The lattice parameter of the Cr cap is calculated as a = 0.3189 ± 0.006 nm, compared to the bulk value of 0.291 nm, while that for the W cap is determined as a = 0.2887 ± 0.0002 nm, compared to its bulk value of 0.316 nm. These changes clearly indicate a reciprocal deformation of the lattice between the FeRh and capping layers. The determined film thicknesses presented in table 1 are all larger than the critical thicknesses (equation (2)), listed in table 3, for all films investigated; thus it is confirmed that the film strain does not become relieved from the introduction of dislocations. Structural aspects of the magnetostructural phase transformation in the FeRh films are informed by results from synchrotron-based temperature-dependent x-ray diffraction. Figures 4(a)-(d) shows representative temperature-dependent Bragg reflections for the Al/FeRh/MgO and Al/FeRh/Al 2 O 3 films upon heating and cooling through the transformation; all films studied displayed analogous behavior. The films display a two-phase character, as anticipated for a first-order phase transition, at temperatures in the intermediate regime of the transition. It is evident that the Bragg peak separation, reflecting the lattice spacing of the two phases, is larger on cooling than on heating. This asymmetry is consistent with the difference in the kinetics of the magnetostructural phase transition in this material [68] .
As described in section 2, these data were analyzed using equation (1) to produce the values for the lattice misfit and strain for the films, which are documented in tables 2 and 3.
Magnetic results
The magnetization of all films exhibited a low-moment to high-moment progression with increasing temperature, identified as the AF-FM phase transition. (The low but finite magnetization present at low temperature is attributed to the retained FM phase, as described in section 2.) Representative of the magnetic behavior of all the studied samples, figure 5 displays M-T and M-H data obtained from the Cr-and the W-capped FeRh/MgO films.
The W-capped film has a transition temperature T t ~ 380 K, with a temperature hysteresis of about 34 K. A portion of retained ferromagnetism, approximately 144 emu cm −3 , is noted at room temperature (in the nominal AF state). The transition temperature of the Cr-capped film is increased up to 425 K with a temperature hysteresis of about 25 K and a retained FM fraction of 221 emu cm −3 . The saturation [68] , with the permission of AIP Publishing. Table 2 . In-and out-of-plane lattice parameters (a-parameters and c-parameters, respectively), strain %, estimate of the lattice distortion (c/a), unit cell volume and chemical order parameters for the FeRh films of this study. Note that the in-plane lattice parameters for the Cr, W, and Au films were estimated assuming a conserved unit cell volume. Overall, the structural and magnetic data presented here allow determination of the relationship between the magnetostructural transition temperature T t and the degree of the film lattice distortion, allowing the capability of strain-tuning T t . Relationships between the in-plane lattice constant, the out-of-plane lattice constant, the FeRh unit cell volume, the degree of film lattice distortion (c/a) and the AF-FM transition temperature (evaluated upon heating through the transition) have been developed by combining information from the M(T) results and measured lattice parameters; these values have been normalized to H app = 0 assuming a field sensitivity to applied magnetic field of −0.8 kOe/K [14, 43] . These data are compared with values of these parameters derived from both bulk and thin film studies, as reported in the literature presented in section 2, and results from these analyses are graphed in figures 6 and 7.
The crystal lattice of bulk FeRh under uniaxial pressure conditions will experience a reduced symmetry but is anticipated maintain a conserved unit cell volume. Nikitin and coworkers [69] found that T t decreases with increased tensile stress applied to polycrystalline FeRh. This scenario contrasts with the results of Wayne [33] who reported that increased hydrostatic pressure delivered to FeRh alloys increases the magnetostructural transition temperature. These contrasting results must be attributed the high degree of sensitivity of the magnetic exchange in FeRh to slight changes in the local atomic environments of the Fe and Rh sublattices. Within this context, the sensitivity of T t to changes of FeRh lattice as studied in thin films during the application of strain/ pressure was analyzed, with results summarized in figures 6 and 7. In addition to experimental data from this current study, values for the response of T t to applied pressure were taken from a selection of literature sources [10, 36, 41, 43, 45, 70] . The left-hand-side graph of figure 6 indicates that T t decreases with increasing in-plane lattice parameter, resulting from the application of tensile strain. In this manner the FM phase can be stabilized in the FeRh thin films. This trend is in agreement with that observed for uniaxially loaded bulk FeRh in which T t decreases with increased strain magnitudes (delivering increased lattice parameter values). Alternatively, the right-hand-side graph of figure 6 shows that increasing the out-of-plane lattice c-parameter results in an increased T t with a reduced strain sensitivity (reduced slope) of T t relative to that found for in-plane lattice parameter changes. This action can stabilize the AF phase, corroborating results reported by Wayne whereby increased hydrostatic pressure (associated with smaller lattice parameters) delivers lower magnetostructural phase transition temperatures. The sensitivity of the magnetostructural phase transformation temper ature to changes in the in-plane (a) and the out-of-plane (c) lattice parameters, of the distorted FeRh, can be estimated from the slopes of the T t (a) and T t (c) plots. These values are surprisingly large; specifically, the in-plane sensitivity is found to be dTt da (film) ∼ = −26 400 K nm −1 (−2640 K Å −1 ) while the out-of-plane sensitivity is dTt dc (film) ∼ = 16 000 K nm −1 (1600 K Å −1 ). Interestingly, the out-of-plane lattice sensitivity to T t is only 60% of the in-plane value. Overall, these large values emphasize the incredible sensitivity of the magnetostructural transition to subtle electronic bonding details. The most valuable illustration of the effect of overall lattice distortion (as described by the c/a ratio) on the AF-FM transformation temper ature in FeRh is presented in figure 7 (left) whereby the transition temperature T t increases for c/a > 1 and decreases for c/a <1. In other words, a lattice distortion of c/a > 1 stabilizes the AF phase while a lattice distortion c/a < 1 stabilizes the FM phase. It is clear from figure 7 (right) that the unit cell volume is roughly conserved at a value of V ~ 0.026 nm 3 irrespective of the degree of lattice distortion. This result is intuitively satisfying as the lattice is expected to be free to expand or contract in the unconstrained direction, providing contrast to the behavior of bulk FeRh that demonstrates a linear change in unit cell volume with the application of isostatic pressure [33] . The data scatter noted in figures 6 and 7 may be attributed to slight compositional fluctuations and/or deviations from the assumed −0.8 K/kOe sensitivity of the transformation. It is also found that no correlations between the lattice distortion (or These results allow hypotheses to be developed that explain the observed phenomena. Typically, the increased magnetostructural phase transition temperature of bulk FeRh in response to increased hydrostatic pressure is attributed to magnetovolume effects that change the magnetic interactions of the Fe and Rh atoms [33] . However, the strain-induced lattice distortions of the FeRh films are anisotropic. Thus the current results must be attributed to asymmetric interatomic interaction that can lead to either AF or FM phase stabilization. As each Fe atom in the cubic FeRh lattice has six equally spaced Fe nearest neighbors, tensile strain to produce c/a < 1 increases the interatomic distances of four of out of the six Fe atoms to destabilize the AF state, relative to the bulk FeRh. However, compressive strain to produce c/a > 1 (compressive strain) increases the interatomic distance of only two out of the six Fe atoms. This hypothesis is supported by theoretical work [43, 71] .
Conclusions and outlook
The results of this work demonstrate the feasibility of tuning the FeRh magnetostructural phase transition temperature over a wide range by modifying the lattice through the application of strain. While these results were derived from FeRh films capped by a proximal layer, the concept of strain-tuning the phase transition may be extended to other materials with strong spin-lattice coupling that are under consideration for magnetic cooling applications [72] [73] [74] [75] . As such, the results reported here have direct relevance for tailoring the MCE in materials through the application of strain. Not only is the magnetic phase transition temperature affected by strain, the details of the magnetic transition are also affected, resulting in anticipated alterations in the total entropy change and thus of the cooling power delivered by the considered material. Indeed, studies of bulk FeRh have shown that pressure can alter both the entropy change and the net refrigeration capacity of FeRh [76, 77] . Furthermore, recent work by Chirkova et al [78] noted that variation in the microstructure can play a role in changing the magnetostructural transition temperature of bulk FeRh that had been subjected to systematic heat treatments. They attributed these phenomena to a concomitant variation in stress fields of their multiphase samples, and also remarked on the connection between the MCE and strain in FeRh-based materials.
The ability to tailor the MCE using passive strain may find applicability in new designs of AMR cooling systems. In particular, the need for a multistage architecture of working materials in AMR cooling systems to realize a large cooling span might be satisfied-and simplified-by the incorporation of a single material that is subjected to a specified strain gradient to realize a cascade of magnetic transition temperatures. Inspiration for engineering static strain into magnetocaloric systems may be taken from the field of civil engineering, in which the important engineering material of reinforced concrete (RC) has been perfected and globally utilized [79] . RC is a composite material comprised of components of relatively low tensile strength and ductility that are combined ('reinforced') with components of higher tensile strength or ductility. The reinforcement of concrete is commonly delivered through the introduction of steel reinforcing bars that may be permanently stressed (in tension), so as to improve the behavior of the final structure under working loads. It may be possible to adapt this type of extrinsic materials design strategy to create new types of efficient magnetic cooling apparatuses that incorporate materials with first-order magnetic phase changes. Such cross-disciplinary concepts of functional materials design are anticipated to extend the impact and adoption of new technologies.
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